Allergic airway inflammation is characterized by marked in situ changes in gene and protein expression, yet the role of microRNAs (miRNAs), a new family of key mRNA regulatory molecules, in this process has not yet been reported. Using a highly sensitive microarray-based approach, we identified 21 miRNAs with differential expression between doxycycline-induced lung-specific IL-13 transgenic mice (with allergic airway inflammation) and control mice. In particular, we observed overexpression of miR-21 and underexpression of miR-1 in the induced IL-13 transgenic mice compared with control mice. These findings were validated in two independent models of allergen-induced allergic airway inflammation and in IL-4 lung transgenic mice. Although IL-13-induced miR-21 expression was IL-13R␣1 dependent, allergen-induced miR-21 expression was mediated mainly independent of IL-13R␣1 and STAT6. Notably, predictive algorithms identified potential direct miR-21 targets among IL-13-regulated lung transcripts, such as IL-12p35 mRNA, which was decreased in IL A sthma is a chronic inflammatory disease characterized by inflammation of the airways, tissue remodeling, and a decline in respiratory function (1-3). In the United States, 5-10% of the population suffer from asthma, representing a common diagnosis for pediatric hospital admission and a major cause for lost days at work and school (4). Despite intense ongoing research, the incidence of the disease continues to rise, necessitating the need for new scientific inquiry.
A sthma is a chronic inflammatory disease characterized by inflammation of the airways, tissue remodeling, and a decline in respiratory function (1) (2) (3) . In the United States, 5-10% of the population suffer from asthma, representing a common diagnosis for pediatric hospital admission and a major cause for lost days at work and school (4) . Despite intense ongoing research, the incidence of the disease continues to rise, necessitating the need for new scientific inquiry.
MicroRNAs (miRNAs) 3 are noncoding ssRNAs of 19 -25 nt in length that mediate posttranscriptional silencing of target genes (5, 6) . In animals, miRNAs usually bind to complementary sites in the 3Ј-untranslated region (UTR) of target genes and regulate target gene expression by either translational inhibition, mRNA degradation, or both (7) . MiRNAs are involved in diverse biological processes, including development, stress response, cancer, and cardiac hypertrophy, implicating them in normal and pathological processes (8) . However, to the best of our knowledge, studies relevant to asthma or asthma risk are still lacking, except for a recent report demonstrating that a single nucleotide polymorphism at the 3Ј-UTR of HLA-G, an asthma-susceptibility gene, affects the binding of three miRNAs to this gene (9) . Allergic airway inflammation may be particularly sensitive to miRNA regulation because it is characterized by marked changes in gene and protein expression in the lung (10 -12) . For example, lung overexpression of IL-13, a key Th2 cell-derived effector cytokine in asthma pathogenesis, induces allergic airway inflammation characterized by prominent inflammatory cell accumulation, goblet cell metaplasia (mucus production), smooth muscle hyperplasia, and airway hyperresponsiveness, processes that are mediated by marked changes in gene and protein expression, including cytokines and chemokines (13) .
In this study, we used both miRNA microarray-and quantitative RT-PCR (qRT-PCR)-based approaches to assess miRNA expression in murine models of allergic asthma. We define a miRNA signature consisting of 21 differentially regulated miRNAs in IL-13-induced experimental asthma. Focusing on the most highly induced miRNA, we subsequently demonstrate that miR-21 regulates murine IL-12p35, a key cytokine associated with balancing Th cell polarization.
Materials and Methods

Mice
Bitransgenic mice bearing CCSP-rtTA and (tetO) 7 CMV-IL-13 transgenes were generated in which IL-13 was expressed in a lung-specific manner that allowed for external regulation of transgene expression (14) . Transgene expression was induced by feeding bitransgenic mice doxycyclineimpregnated food for 4 wk. Constitutive IL-4 lung transgenic mice under the control of the CC10 promoter were provided by F. Finkelman (Cincinnati Children's Hospital, Cincinnati, OH) (15) . The IL-13R␣1 and STAT6-deficient mice were described previously (16, 17) .
(50 l) of A. fumigatus extract or 50 l of saline each time. Mice were sacrificed 48 h after the last challenge (18) . Experimental asthma from IL-13 bitransgenic mice was induced by feeding bitransgenic mice doxycycline-impregnated food for 4 wk, as described (19) . The control group received no doxycycline. Mice were sacrificed at the end of 4 wk of IL-13 induction. Intratracheal delivery of IL-13 was performed, as previously described (20) . All animals were housed under specific pathogen-free conditions in accordance with institutional guidelines. The use of animals in these experiments was approved by the Institutional Animal Care and Use Committee of the Cincinnati Children's Hospital Medical Center.
RNA extraction and microarray experiments
Total RNA was isolated from lung tissue using miRNeasy mini kit, according to manufacturer's protocol (Qiagen). RNA quality was assessed by using the Agilent 2100 bioanalyzer (Agilent Technologies), and only samples with RNA integrity number Ͼ8 were used. RNA samples from these tissues were subsequently fluorochrome labeled by using the miRCURY Hy3/Hy5 labeling kit and hybridized to Exiqon miRCURY locked nucleic acid (LNA) array (version 10.0), comprising LNA-modified probes for all mouse miRNAs in the release 10.0 of the miRBase miRNA registry (21, 22) . The microarray analysis was conducted in the Genomics and Microarray Core Facility at the University of Cincinnati. Data were normalized to a common reference sample using R statistical software (R Foundation for Statistical Computing) (23) . MiRNA expression data were analyzed and displayed using Genesis (version 1.7.2) (24). The microarray data have been submitted to ArrayExpress database in compliance with minimum information about microarray experiment standards (ArrayExpress accession E-MEXP-1992; www.ebi.ac.uk/arrayexpress).
Quantitative assessment of miRNA levels
Levels of miRNA expression were measured quantitatively by using TaqMan microRNA assay (Applied Biosystems), as described following manufacturer's protocol, and assayed on the Applied Biosystems 7300 realtime PCR system (25) . Normalization was performed with snoRNA202 (26) . Comparative real-time PCR was performed in triplicate, including no-template controls. Relative expression was calculated using the comparative cycle threshold method, as previously described (27) .
miRNA in situ hybridization
In situ hybridizations were performed in 8-m cryosections from the lung of saline and A. fumigatus-challenged mice (28) . Slides were stained using an automated system, the Discovery XT (Ventana Medical Systems), according to manufacturer's protocols. Slides were pretreated with 100 l of RiboPrep (Ventana Medical Systems) for 20 min at 37°C. After rinsing the slides with reaction buffer (Ventana Medical Systems), slides were then treated with 100 l of RiboClear (Ventana Medical Systems) for 12 min at 37°C. The slides were rinsed again and then digested with Protease 3 (Ventana Medical Systems) for 12 min at 37°C. After protease digestion, the digoxin-labeled LNA-scrambled control probe and LNA miR-21 antisense probe (Exiqon) were hybridized to the slides at 52°C for 6 h. Following posthybridization washes with 0.1ϫ SSC buffer at 47°C, 100 l of rabbit anti-digoxin (Sigma-Aldrich) Ab, diluted 1/2000 in Discovery Ab Diluent (Ventana Medical Systems), was applied to the slides for 30 min at room temperature. The slides were rinsed and then incubated with 100 l of UltraMap anti-rabbit alkaline phosphatase (Ventana Medical Systems) for 16 min at room temperature. Color detection was done using a ChromoMap Blue kit (Ventana Medical Systems). Slides were counterstained with Nuclear Fast Red (Polyscientific), coverslipped, and mounted for viewing.
Cell culture
Raw264.7 (American Type Culture Collection No. TIB-71) and NIH3T3 (American Type Culture Collection No. CRL-1658) cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. The murine lung epithelial cell line MLE15 and murine fetal lung mesenchyme cell line MFLM4 were provided by J. Whitsett (Cincinnati Children's Hospital, Cincinnati, OH) and were maintained in HITES medium supplemented with 4% FBS and 1% penicillin/streptomycin (29) . Type II alveolar cells were isolated and cultured, as previously described (30) , and were provided by T. Weaver (Cincinnati Children's Hospital, Cincinnati, OH). Bone marrow-derived macrophages were prepared by culturing cells in medium containing 30% L929 conditioned medium (31) . Bone marrowderived dendritic cells were prepared by culturing cells in medium supplemented with 40 ng/ml GM-CSF, 20 ng/ml IL-4, 10% FBS, and 1% penicillin/streptomycin (32) . Neutrophils were generated by using the thioglycolate-induced peritonitis model according to previously published methods (33) . After 4 h, mice were sacrificed, the peritoneal cavity was rinsed with 10 ml of PBS, and neutrophil purity was 95%, as determined by Diff-Quik staining. For LPS activation of Raw264.7 cells, the cells were stimulated with 1 g/ml LPS (strain 055:B5; Sigma-Aldrich) for 24 h.
Target predictions
miRNA targets were predicted by using miRanda (34) and TargetScan (35) algorithms. Targets predicted by both algorithms were intersected with IL-13 down-regulated genes (19) and considered for further analysis. Nuclear factor I/B (NFIB) binding site was searched from the 1-kilobase region upstream of first exon of all IL-13-induced genes in the lung using the TraFaC program, which analyzes noncoding genomic sequences that are evolutionarily conserved between mouse and human (36) .
IL-12p35 expression analysis
Total RNA was reverse transcribed using the High Capacity RNA-tocDNA kit (Applied Biosystems). Samples were analyzed by TaqMan qRT-PCR for IL-12p35 transcripts and normalized to hypoxanthine phosphoribosyltransferase (HPRT)1 (primer and probe sets from Applied Biosystems; IL-12p35 assay ID, Mm00434169_m1; HPRT1 assay ID, Mm00446968_m1). Relative expression was calculated using the comparative cycle threshold method.
Luciferase reporter plasmid construction
The full-length mIL-12p35 3Ј-UTR was amplified with the following primers: mIL-12p35, forward, ggccactagtGAAAGGCTCAAGGCCC TCT; mIL-12p35, reverse, ggccaagcttGAACCACAAAATAAGGTAT GTTTCAA, and cloned between the SpeI and HindIII sites of the multicloning region in the 3Ј-UTR of the firefly luciferase expression vector pMIR-report (Ambion) and designated pmIL-12p35. The pMIR-21 vector has a perfect miR-21 binding site cloned into the 3Ј-UTR region of the pMIR-report vector (Ambion).
Site-directed mutagenesis of miR-21 binding site in pmIL-12p35
The mutations in the miR-21 binding site of pmIL-12p35 were introduced with the QuikChange II XL site-directed mutagenesis kit (Stratagene), according to the manufacturer's protocol, and designated pmIL-12p35 Mut. The mutagenesis primers are as follows: mIL-12p35, Mut forward, 5Ј-GG GTGACTGAGTGTTTTCATAAACACTTTGGCACAAAAACAATTCG AATTCAGTTCTTGCTCTTCTGCTAA-3Ј, and mIL-12p35 Mut reverse, 5Ј-TTAGCAGAAGAGCAAGAACTGAATTCGAATTGTTTTT GTGCAAAGTGTTTATGAAAACACTCAGTCACCC-3Ј. The constructs were sequenced to prove sequence integrity.
Transfection of pre-miRNA expression plasmid and reporter plasmids
The 293T cells were cotransfected with 500 ng of firefly reporter plasmids, 25 ng of reference Renilla luciferase reporter plasmid pGL4.73 (Promega), and 500 ng of pMIRNA1 pre-miR-21 or 500 ng of pMIRNA1 control vector (SystemBiosciences) using Lipofectamine reagents, as per the recommended conditions (Invitrogen). Lysates were prepared at 36 h posttransfection.
Dual-luciferase reporter assays
Transfected cells were lysed in 300 l of passive lysis buffer (Promega) for 30 min at room temperature. Firefly and Renilla luciferase activity were measured using the Promega Dual Luciferase Assay kit following the manufacturer's instructions and a Veritas Microplate luminometer (Turner Biosystems). All measurements were normalized for Renilla luciferase activity to correct for variations in transfection efficiencies and non-miR-21-specific effects of miRNA transfection on enzymatic activity.
Results
Expression profiling of miRNA in IL-13 lung transgenic mice
To identify miRNAs differentially expressed after IL-13 induction in IL-13 lung transgenic mice, miRNA expression of total lung tissue was profiled using Exiqon miRCURY LNA array (version 10.0), comprising LNA-modified probes for all mouse miRNAs available in the miRBase miRNA registry (21, 22) . Of the 579 mouse miRNAs assayed, 131 miRNAs were expressed above background levels. In agreement with previous reports, several miRNAs, including miR-23b, miR-24, miR-30b, miR-451, and members of the let-7 family, were highly enriched in the mouse lung, giving strong hybridization signals on the miRNA arrays (data not shown) (37) . Comparing doxycycline-induced IL-13 transgenic mice with control mice that received no doxycycline, 21 miRNAs were found to be differentially expressed at p Ͻ 0.01, suggesting that they were regulated directly or indirectly by IL-13 (Fig. 1A) . Notably, miR-21 was the most up-regulated miRNA on the array, and miR-1 was the most down-regulated miRNA. To validate the results of the microarray platform, we determined the expression of a subset of miRNAs by real time RT-PCR (Fig. 1B) . We found strong correlation between our microarray profiling and real-time RT-PCR data (Pearson correlation coefficient: 0.99, p ϭ 0.001; Fig. 1C ).
MiR-21 is induced in three separate models of experimental asthma, whereas miR-1 is repressed in the same models
We aimed to determine levels of miR-21 and miR-1 in three independent asthma models (OVA, A. fumigatus, and induced IL-13 bitransgenic mice) using real-time RT-PCR analysis. In the OVA model, mice were sensitized by two i.p. injections of OVA and aluminum hydroxide. The A. fumigatus model involves a unique mucosal sensitization route (intranasal) compared with the OVA model (10, 18, 20, 38, 39) . Although the methods of experimental asthma induction are different, all three asthma models have similar phenotypes, including Th2-associated eosinophilic inflammation, mucus production, and airway hyperresponsiveness (10, 18, 19, 40, 41) . First, we examined the inducible IL-13 bitransgenic system and indeed validated that doxycycline-treated IL-13 bitransgenic mice had a 4.62-fold increase in miR-21 ( p Ͻ 0.01) and a 0.28-fold repression of miR-1 ( p Ͻ 0.05) compared with control mice that received no doxycycline (Fig. 1B) . Second, we examined the OVA-induced asthma model and demonstrated that OVA-challenged mice had a 2.64-fold ( p Ͻ 0.0001) induction of miR-21 and a 0.34-fold repression of miR-1 ( p Ͻ 0.001) compared with salinechallenged mice (Fig. 2, A and B) . Third, we examined the A. fumigatus model of experimental asthma and demonstrated that Ag-challenged mice have a 4.01-fold increase in miR-21 level ( p Ͻ 0.0001) and a 0.55-fold repression of miR-1 ( p Ͻ 0.01) compared with control mice (Fig. 2, A and B) . In these models, the bronchoalveolar lavage fluid eosinophil levels were 1.15 Ϯ 0.34 ϫ (Fig. 2C) . 
MiR-21 is induced predominantly by an IL-13R␣1-independent pathway
We focused on miR-21 because this was the most markedly changed miRNA and one implicated in processes germane to asthma, including cell growth and differentiation, tissue remodeling, and myeloid cell function (42) (43) (44) (45) . Having identified miR-21 as both an IL-13-and allergen-induced gene, we were interested in determining whether the IL-13-or allergen-induced expression was IL-13R␣1 dependent, because we have recently reported that this receptor mediates some of the key cardinal features of experimental asthma (airway hyperresponsiveness and goblet cell metaplasia), but not leukocyte accumulation (39) . First, we delivered IL-13 intratracheally to wild-type and IL-13R␣1 gene-deficient mice and demonstrated that IL-13-induced miR-21 was IL-13R␣1 dependent (Fig. 3A) . We then examined both the OVA-induced model and the A. fumigatus model of experimental asthma using wild-type and IL-13R␣1 gene-deficient mice. Notably, this analysis revealed that both OVA and A. fumigatus induced miR-21 expression largely through an IL-13R␣1-independent pathway. OVA-challenged wild-type mice had a 3.13 Ϯ 0.22-fold induction of miR-21, whereas OVA-challenged gene-targeted mice had a 2.39 Ϯ 0.13-fold induction ( p Ͻ 0.01 for saline vs OVA in both wild-type and gene-targeted mice). A. fumigatus-challenged wildtype mice had a 3.11 Ϯ 0.10-fold induction of miR-21, whereas A. fumigatus-challenged gene-targeted mice had a 2.95 Ϯ 0.23-fold induction ( p Ͻ 0.01 for saline vs A. fumigatus in both wild-type and gene-targeted mice) (Fig. 3, B and C) . We subsequently determined that miR-21 was induced through a STAT6-independent mechanism in OVA-challenged mice (Fig. 3D) .
MiR-21 is expressed in cells of monocyte/macrophage lineage in the allergic lung
To determine the cell type-specific localization of miR-21, in situ hybridization was conducted on cryosections of A. fumigatus-challenged lungs using LNA anti-miR-21 and scrambled control probes (28, 46) . MiR-21 was primarily detected in the cytoplasm of mononuclear and multinucleated myeloid cells with morphology resembling monocytes/macrophages (Fig. 4A) . To determine whether these cells are indeed in the monocyte/macrophage lineage (both are CD68 ϩ ), we performed anti-CD68 staining on serial sections. Serial sectioning revealed that anti-CD68 staining was associated with miR-21 expression, at least in part (Fig. 4B) . Staining of doxycycline-induced IL-13 bitransgenic mouse lungs showed similar results (supplemental Fig. 1 ). 4 We quantified the number of miR21-positive cells as a function of total airway macrophages as determined by CD68 ϩ staining in serial sections and found that 64 Ϯ 6.8% of (mean Ϯ SD, n ϭ 3 mice) CD68 ϩ cells were miR-21 positive. In addition, we determined the expression profile of miR-21 in different cell types and found that bone marrow-derived macrophages and dendritic cells expressed relatively high levels of miR-21 compared with lung epithelial cells, fibroblasts, and neutrophils (Fig. 4C) . The cell composition of bronchoalveolar lavage fluid cells can be found in supplemental Fig. 2 . 4 We subsequently demonstrated that miR-21 is inducible in a murine macrophage cell line by LPS treatment (Fig. 4D) .
MiR-21 targets in the allergic lung
We searched for miR-21 mRNA targets using target-prediction software miRanda and TargetScan. It has been reported that integration of miRNA target predictions from multiple algorithms substantially increases the functional correlations and decreases the false-positive rate compared with single algorithms (47, 48) . Common predicted targets between miRanda and TargetScan algorithms arrived with a list of 37 predicted targets (Table I) . Although some of the targets of miRNAs are modulated through translational inhibition only, the majority of targets have mRNA level changes inverse to their respective miRNA regulator (49, 50) . We thus intersected the 37 predicted targets with IL-13 down-regulated genes and arrived at a list of IL-13-regulated target genes (Table II) . Notably, IL-12p35 was predicted to have a strong miR-21 binding site conserved across species (Fig. 5A ). We determined the expression level of IL-12p35 and found that it was indeed down-regulated in all three of the used asthma models (Fig. 5B) .
MiR-21 targets IL-12p35
To determine whether IL-12p35 is a molecular target of miR-21, we constructed a luciferase reporter vector containing the fulllength mIL-12p35 3Ј-UTR, as well as a positive control vector harboring a perfect miR-21 complementary sequence in the 3Ј-UTR region. Transfecting the miR-21 expression vector inhibited the expression of the luciferase reporter vector containing the mIL12p35 3Ј-UTR as well as the expression of the positive control vector, whereas there was no effect in the luciferase vector that did not contain a miR-21 binding site (Fig. 5C ). The reduced luciferase activity of mIL-12p35 and pMiR-21 vectors at baseline is most likely due to inhibition from both the endogenously expressed miRNAs, as well as other translational inhibition mechanisms, such as the 5Ј-3Ј circularization disruption by endogenous translational inhibitor proteins that bind to the 3Ј-UTR region (51) . The inhibition of mIL-12p35 reporter was dose dependent with an ED 50 of 29.84 Ϯ 1.24 ng (7.19 Ϯ 0.30 nM) and a plateau reached at 250 ng (60 nM) (Fig. 5D) . Mutation of the seed sequence of the predicted miRNA binding site abrogated this effect (Fig. 5, E and F) .
Discussion
Our study has provided a comprehensive global miRNA expression profile of an IL-13-induced asthma model. Nearly 4% of 579 miRNAs assayed displayed differential expression in IL-13 transgenic mice compared with control mice (Fig. 1) . This level of miRNA change is consistent with other disease states, such as breast cancer, leukemia, and myocardial infarction (52) (53) (54) . Notably, each miRNA has been predicted to potentially target hundreds of genes (35, 55) , indicating the potential significance of small changes in miRNAs. We found that miR-21 and miR-1 were the most induced and repressed miRNAs, respectively. We validated the induction of miR-21 and repression of miR-1 in two additional 4 The online version of this article contains supplemental material. 
independent models of allergic airway inflammation, as well as the induction of miR-21 by chronic overexpression of the IL-4 transgene in the lung. We analyzed the receptor dependency of miR-21 induction and found that IL-13-induced expression of miR-21 was dependent on IL-13R␣1, but allergen-induced miR-21 expression was mediated largely by an IL-13R␣1-independent pathway. Although IL-13 alone completely uses IL-13R␣1 to induce experimental features of asthma, this receptor has a key, but not complete role in the development of allergen-induced experimental asthma. Notably, leukocyte recruitment to the lung occurs independent of IL-13R␣1 (39) . As such, the finding that miR21 induction occurs independent of IL-13R␣1 indicates that miR21 induction most likely is derived from (or associated with) the sustained leukocyte recruitment and/or activation in IL-13R␣1-deficient mice. Consistent with this, allergen-induced miR-21 was demonstrated to occur independent of STAT6, consistent with sustained leukocyte recruitment in these mice (56) . This implies that miR-21 induction may be related to the large portion of asthma signature genes that are STAT6 independent (56) . The STAT6-and IL-13R␣1-independent genes that correlate with miR-21 include the C3a receptor and several chemokines (Ccl8, Ccl12, Cxcl10; data not shown) (39, 56) . Notably, recent studies demonstrate that certain aspects of asthma occur through a STAT6-independent pathway (57, 58) . In situ hybridization of asthmatic lung revealed that miR-21 was expressed by inflammatory leukocytes most consistent with myeloid cells and in agreement with recent studies identifying miR-21 in hematopoietic cells (59 -61) . Cell-type expression profile of miR-21 confirmed that macrophages and dendritic cells indeed had the highest level of expression compared with other cell types analyzed. Although the expression of miR-21 was in cells most consistent with macrophages and/or dendritic cells (both CD68 ϩ ), this does not rule out expression in other cells that may contain less readily detectable RNA (e.g., eosinophils). Notably, miR-21 has been shown to be inducible in a human promyelocytic cell line HL-60 after PMA treatment, which induces macrophage-like differentiation (60) . We subsequently demonstrated that miR-21 is inducible in the murine macrophage cell line Raw264.7 by LPS treatment. The relationship between the LPSinduced pathway and our in vivo finding has yet to be determined. In addition, miR-21 has been reported to target the transcriptional repressor NFIB (43), providing a mechanism by which miR-21 induction could up-regulate gene expression. We performed in silico analysis of all IL-13-induced genes in the lung, and identified 130 genes with potential NFIB sites in the 1-kilobase region upstream of the first exon (supplemental Table I ). , and either the pre-miR-21 expression vector (pMIRNA1-Pre-miR-21) or control vector (pMIRNA1-Control). Firefly luciferase activity was normalized to the Renilla luciferase activity, and then to the average of the control firefly luciferase reporter; ‫,ءءء‬ p Ͻ 0.001; n ϭ 4 per group, data representative of three experiments. D, A dose-response study of pre-miR-21 expression vector on the luciferase activity of the luciferase vector containing the 3Ј-UTR of IL-12p35; n ϭ 4 per group; data representative of three experiments. E, Mutation (shaded in gray) in the 3Ј-UTR of mIL-12p35. F, Relative luciferase activity in 293T cells cotransfected with reporter plasmid containing either the wild-type or mutant mIL-12p35 3Ј-UTR. Firefly luciferase activity was normalized to the Renilla luciferase activity, and then to the average of the wild-type mIL-12p35 firefly luciferase reporter; ‫,ءءء‬ p Ͻ 0.001; n ϭ 4 per group; data representative of three experiments. All data are represented as mean Ϯ SEM.
Using bioinformatic approaches, we identified candidate target genes of miR-21. We further intersected this with our previous IL-13-repressed mRNA expression profiling data to identify candidate target genes that were differentially expressed, possibly because of action of these miRNAs. This analysis identified IL12p35 as a putative target of miR-21. Transfection and reporter assays indeed identified mIL-12p35 as a target gene of miR-21, with miR-21 having the ability to reduce IL-12p35 expression via the 3Ј-UTR. The magnitude of miR-21-mediated repression of the mIL-12p25 reporter vector was ϳ40%, similar with the reported effects of miRNA-mediated mRNA repression in other systems (44, 49, 50, (62) (63) (64) (65) (66) (67) . These results imply that the increased levels of miR-21 in experimental asthma contribute to the observed decrease in IL-12. IL-12 is a key cytokine derived from macrophages and dendritic cells (both CD68 positive and consistent with our in situ hybridization results) involved in adaptive immune responses involving Th1 cell polarization (68, 69) . The ability of miR-21 to down-regulate IL-12 indicates a novel checkpoint for regulating the level of this key immune mediator. These results suggest that strategies designed to deliver miR-21 may prime for Th2-and IL-13-associated responses; conversely, miR-21 inhibition has potential to drive Th1 polarization, promoting cellular responses (and classic adjuvant activity) (70, 71) . Down-regulation of IL-12p35 could also affect IL-35 production and T regulatory cell function, leading to a proinflammatory phenotype (72) . In addition to regulating IL-12 levels, miR-21 may regulate other processes germane to allergic airway inflammation. Notably, MiR-21 has been shown to regulate the level of the matrix metalloprotease inhibitor RECK (42, 73, 74) , and indeed we have identified this gene to be down-regulated by IL-13 in the lung (Table II) ; it is interesting to speculate that this could account for some of increased matrix metalloprotease activity seen in asthma (75, 76) .
In our study, we identified miR-1 as the most down-regulated gene in the IL-13 lung transgenic mice. MiR-1 is considered to be a muscle-specific miRNA (77) (78) (79) , implicated in the determination of the differentiated state of muscle cells, in myogenesis and in cardiogenesis (78, 80) . Down-regulation of miR-1 has been associated with cardiac and skeletal muscle hypertrophy (81, 82) . Notably, disruption of just one of the two miR-1 family members, miR-1-2, has profound consequences for development and maintenance of the heart, because miR-1-1 did not compensate for loss of miR-1-2 (80) . This indicates that a stable level of miR-1 is very important for normal muscle physiology. MiR-1 is down-regulated in all three of our asthma models ranging from 1.82-to 3.57-fold. It is interesting to speculate that down-regulation of miR-1 contributes to the smooth muscle hypertrophy and remodeling seen in asthma (83) .
In conclusion, we report a miRNA signature of experimental asthma. We found miR-21 is the most up-regulated miRNA, and the up-regulation is largely through an IL-13R␣1-independent pathway. Using computational and tissue culture-based assays, we identify mIL-12p35 as a molecular target of miR-21. As such, miR-21 induction in experimental asthma most likely leads to a concomitant decrease in mIL-12p35, which probably contributes to polarization of Th cells toward a Th2 response. This increase in the expression of miR-21 most likely contributes to the action of IL-13 in the lung (and possibly asthma pathogenesis). Taken together, these results suggest a key role for miRNA in allergic lung inflammation.
